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Keywords: Since 1989 the announcement of “cold fusion” by Stanley Pons and Martin Fleishmann, “cold fusion” field has
Cold Fusion (CF) been surrounded by controversy. After three decades, this field is alive and has produced thousands of publi-
Low Energy Nuclear Reactions (LENR) cations, most in dedicated periodic and conferences. This work aims at checking whether “cold fusion” fits in
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pathological science traits. For each type of experiment and year, this work counted the distinct research
groups results (success or failure). Experimental results from many research groups suggest that nuclear reac-
tions in solids are more complex than fusion (it is not only fusion) and that they need energy triggers like back-
ground radiation, meaning chemical configurations alone do not seem to generate nuclear reactions. Some
types of experiments present rising trends (the field does not fit in pathological science model) and have poten-
tial to bring disruptive technologies. If confirmed, experimental results will require revisions of accepted
nuclear models.
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1. Introduction

Before entering in the historical and technical aspects of cold
fusion, some concepts need to be clarified. Fusion is a natural nuclear
reaction that occurs in stars and makes a larger nucleus from two smal-
ler ones. For light isotopes, it is exothermic, and different from fission,
which uses elements that are rather rare in the universe, fusion uses
the most abundant elements, like Hydrogen and Lithium. Current
science knows only fusion occurring at extremely high temperatures,
like those found in stars, as the Coulomb repulsion forces cannot be
overcome without a considerable amount of energy. Yet, fusion is a
dream because it would allow generation of cheap energy using abun-
dant resources, even though it would need large and complex machi-
nes to deal with its temperatures and radiation. Another advantage
is the absence of radioactive ash, as a fusion reactor would produce
Helium atoms, along with neutron and gamma radiation. A more rad-
ical dream is to find a way to make fusion reactions without the need
of heating matter to star temperatures, allowing the use of simpler
machines. Even if radiation shielding would constrain the use to large
machines, like containerships propulsion, a technology making fusion
at temperatures below the melting point of high temperature alloys
would make energy much cheaper. A golden dream would be to have
clean nuclear fusion reactions, free from neutrons and gamma rays,
that would allow even small machines like truck motors to be free
from chemical fuels.

This golden dream is called “cold fusion”, and its realization, in
optimistic views, would bring a new era of prosperity to humankind,
as clean energy in large quantities would be within everyone’s reach.
“Cold” means finding a solution to make nuclear reactions without
heating atoms to millions of degrees Kelvin, using for instance, some
sort of chemical configuration. “Fusion” means that the nuclear reac-
tions are combinations of small nuclei (Hydrogen, Deuterium, Tritium)
into larger atoms, like Helium. Therefore, “Cold Fusion” means to use
a solution (chemical, cavitation, biological, magnetic, electric, etc) to
combine Hydrogen isotopes. This dream has also other names, like
Low Energy Nuclear Reactions (LENR), Anomalous Heat Effect
(AHE). Other similar, but conceptually distinct ideas are Lattice
Assisted Nuclear Reactions (LANR), which means nuclear reactions
happen in a metal, but it is not necessarily “cold”, as one could use
radiation to heat individual atoms. Further, it is not necessarily fusion,
but could be some kind of other nuclear reactions, like alpha decay,
Oppenheimer-Phillips stripping reactions, fission reactions. Like LANR
is Lattice Confinement Fusion (LCF).

In a darker point of view, at least in the short term, such technology
could bring a true nightmare of technological disruption, leading many
enterprises to bankruptcy, causing mass unemployment. Countries
adopting such technology would reduce cost of living and industrial
production, possibly leading late adopters to mass enterprise bank-
ruptey, reduction of received taxes, unemployment, and social unrest.
The economical unbalance would bring military unbalance, as military
applications would appear faster than civilian applications, such
unbalance could even make the current nuclear deterrence become
obsolete, as ships could be equipped with powerful weapons. Launch-
ing satellites could become so cheap that countries could start the con-
struction of orbital fortresses with powerful lasers, preventing the use
of ballistic missiles. Economic and military unbalance could bring
along wars and revolutions.

As both points of view are extreme and at the same time, realistic in
face of the theoretical potential, “cold fusion” is naturally destined for
controversy, more than other disruptive technologies which are not so
obviously disruptive. As the potential of the field is stratospheric, sci-
entists of related fields (such as hot fusion) become afraid their fields
are going to lose priority and research funds, so there is an obvious
potential conflict of interests. Therefore, as the stakes in this game
are exceedingly high, people tend to be either a believer or a denier,
a lover, or a hater, and perhaps truth lies elsewhere.

Stanley Pons and Martin Fleishmann announced in 1989 that they
had obtained nuclear reactions in an electrolytic cell, meaning that the
realization of the aforementioned “golden dream” was at hand. After a
short excitement period, the field became controversial, and the press
named the phenomenon “Cold Fusion”. Some research groups did not
confirm the claims, some confirmed, and others had partial confirma-
tion. The fact is none was able to generate useful results, on the other
hand, intriguing facts were identified, but as they do not fit current
models, mainstream scientists labeled those results as errors.

In fact, there are accounts of initiatives on this field before 1989,
like Ivan Stepanovich Filimonenko, who created an apparatus to pro-
duce energy at a metal tube of 41 mm diameter and 700 mm long at
1150 °C. This apparatus used heavy water and an alloy containing Pal-
ladium. This concept started in late 1950s, and in 1962, Filimonenko
filed an application for the invention “Process and installation of ther-
mal emission”, but the State Patent Examination denied him because it
believed nuclear fusion cannot happen at low temperature. Anyway,
Filimonenko obtained support to build a demonstrator, that despite
being successful the research was stopped in 1968 on grounds of “po-
litical disloyalty”. Later, in 1989, it was resumed, but only to stop
again in 1990 with the collapse of Soviet Union [1].

Speri [2] had already demanded a patent of Helium production
from hydrocarbon sparking but did not expose the invention to a larger
audience [3]. Jones et al. [4] also presented neutrons from deuterated
Titanium, yet in a much smaller ratio than Fleischmann and Pons [5].
Most research groups, after failing to obtain results in typically four-
week experiments, gave up on further research. Other groups like
NASA [6] and Oak Ridge [7], after having a partial success gave up.
Most scientists, since 1989, took the stance that “cold fusion” field
was “pathological science” like Huizenga [8], on grounds of three
facts:

1 - Impossibility of overcoming the Coulomb barrier.

2 — Abnormal branching ratio between Tritium and Helium-3 paths,
resulting in few neutrons.

3 — Absence of radiation, like gamma or X-rays.

Few research groups went on, finding difficulties in publishing
their findings, researchers who did continue became virtually segre-
gated from mainstream science. Fusion Technology kept publishing
peer-reviewed works up to 2001, when George Miley retired. After
Shanahan [9] pointed some potential errors in calorimetry, few other
authors outside the field made critics or independent tests with nega-
tive results. Although works presenting conflicting results do exist in
the field, today most authors agree on the existence of excess heat in
absence of expected quantity of neutrons.

In short, the Cold Fusion field has two primary issues: partial
reproducibility and lack of convincing explanation. However, for the
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unbiased reader, there is a fundamental question: is there some reality
in the claims of the cold fusion field? If at least part of claims are real,
given the advantages of “cold fusion”, it is obvious that investment is
needed immediately in the field before it is too late. However, if it is
pathological science, one should avoid wasting resources on this field.
Therefore, this work focuses in bringing forth facts about “cold fusion”
research and identifying some trends in this field to verify if it meets
the “pathological science” criteria.

Irving Langmuir introduced the “pathological science” concept dur-
ing a 1953 colloquium at the Knolls Research Laboratory. The authors
chose Langmuir’s criteria for pathological science because they are
simple and applicable to experimental research, being focused on prac-
tices. For instance, Carl Sagan’s and Michael Shermer’s criteria,
explored by Storms [10], are focused on theories and ideas. In cold
fusion field, many authors simply perform experiments and present
unexpected results without giving an explanation, so Langmuir’s crite-
ria fit better to existing literature.

The authors have never done experimental work and cannot state
that any of those types of “cold fusion experiments” actually have pos-
itive results. According to Irving Langmuir, the phenomenon of
“pathological science” has the following characteristics:

a. A causative agent of barely detectable intensity produces the
maximum effect observed, and the magnitude of the effect is
substantially independent of the cause intensity.

b. The effect is of a magnitude that remains close to the limit of
detectability, or many measurements are necessary because of
the extremely low statistical significance of the results.

. There are claims of great accuracy.

. Fantastic theories contrary to experience are suggested.

. Criticisms are met by ad hoc excuses.

. The ratio of supporters to critics rises and then falls gradually to
oblivion.

- 0 AN

2. Assumptions

This section lists a series of assumptions made to make this work
applicable for scientific community:

1 - Experimental results do not need to fit in current models: the role
of scientists is to make models fitting reality and not deny experi-
mental results.

2 — Experimental errors do occur, so only when more than one indi-
vidual or group confirms the results, information becomes more
reliable.

3 - Confirmation bias does exist, meaning that many results from a
single individual or group does not add to the information
reliability.

4 — Non-deterministic phenomena exist, meaning there may be differ-
ent results for the same experiment, requiring many tests to get a
statistically significant description of phenomenon.

5 — Success of failure of an experiment is a subjective judgment and
this work report the subjective stated opinion of research groups,
not what the authors of this work believe to be the objective truth.

6 — Langmuir’s criteria for pathological is the best for this case

because it focuses on experimental science and this work focuses

on the experimental part of “cold fusion” field.

— reported failures are from non-supporters and successes come

from supporters.

N

3. Method

1. This work adopted the following steps to apply the Langmuir crite-
ria, as Fig. 1 shows:

2. Identification of main sources of information in the field.

3. Identification of works already done in the field or similar fields.
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4. Skimming of experimental works to identify the main types of
experiments appearing over time.

5. Identification of research groups related to each work.

6. Selection of main types of experiments, as there are so many that a
single article could not present all of them and independent groups
do not confirm many.

7. For each type of experiment, presentation of the number of yearly
results per research group, divided in two situations: confirmations
of any evidence of nuclear reaction for the type of experiment or
failure to confirm any evidence of nuclear reactions. In the criteria
for success, authors included not only excess heat, but also any evi-
dence of nuclear reactions, like charged particles, element transmu-
tations, isotopic changes from natural ones, gamma radiation,
neutron radiation, radiofrequencies, hot spots, micro-explosions.

8. Application of a trend line by linear minimum squares curve fitting
on the yearly number of successful group-experiments to identify
objectively if the subfield in rising or vanishing (one of the charac-
teristics of pathological science according to Langmuir), although
interest in the field may disappear even if it is not pathological
science. For instance, the effect may be real but proven inutile,
other field becomes much more attractive, no further questions
remain open or further research is too expensive. But, if any of
the subfields is growing or market products appeared using the
findings of the field, cold fusion is probably not pathological
science.

4. Development
4.1. Identification of the main sources of information in the field

The most recent works are in the Journal of Condensed Matter
Nuclear Science (JCMNS) whose volumes are available at https://is-
cmns.org/publications/jemns/volumes/. The site www.lenr-canr.org
provides interesting resources, like most proceedings of International
Conference on Cold Fusion (ICCF). The American Institute of Physics
hosted a proceeding of a conference on Anomalous Nuclear Effects
in Deuterium/Solid Systems in 1990 (AIP 228). India has a research
center in Trombay (Bhabha Atomic Research Center — BARC), which
produced many works on the field with many successful experiments,
and many are assembled in a single volume “BARC-1500, available at
https://lenr-canr.org/wordpress/?page_id =463. Fusion Technology
published many works in the period from 1989 to 2000 when George
Miley retired. Additionally, the ancient articles reporting failure to
replicate cold fusion phenomena received special attention. Cold
Fusion journal articles were neglected because authors could not find
most of them. Authors also included articles from LENR-CANR.org
library, which had about 4737 entries, including magazine articles,
newspaper articles and interviews. However, only journal and confer-
ence articles presenting new empirical results counted for this work.

There were also many conferences named “International Workshop
on Anomalies in Hydrogen/Deuterium Loaded Metals”, but authors
did not find most of the proceedings, except for the 8th and 12th.
Other sources, like the books “Cold Fusion: The History of Research
in Italy” and “Low-Energy Nuclear Reactions Sourcebook” were also
considered.

It was not possible to find and consider every work because authors
could not find them or they were in other languages, like Russian or
Japanese. In any case, authors found the downloadable links to the
proceedings of Japan Cold Fusion (JCF) society meetings, from JCF-
4 to JCF-20 at the site http://jcfrs.org/proc_jcf.html. The proceedings
of the Russian Conference on Cold Transmutation of Nuclei of Chem-
ical Elements and Ball Lightning (available at http://lenr.seplm.ru)
were included in the analysis, except by the 23rd conference (not
found). Nevertheless, it seems this work found most of the research
groups and perhaps most of the important experiments, which seemed
to be present in more than one publication.


https://iscmns.org/publications/jcmns/volumes/
https://iscmns.org/publications/jcmns/volumes/
http://www.lenr-canr.org
https://lenr-canr.org/wordpress/?page_id=463
http://jcfrs.org/proc_jcf.html
http://lenr.seplm.ru

L.O. Freire, D.A.d. Andrade

Journal of Electroanalytical Chemistry 903 (2021) 115871

Identify
Identify Identify Find types of | 4| research >
sources works experiments groups

Select main types
of experiments

Count number of

results/grouplyear || Curve fitting

Fig. 1. Graphical representation of the adopted method.

Authors also verified the works present in more than one database,
reducing the duplication of records and adopted a metric (number of
research groups instead of number of works) that is robust to record
duplication (and to various publications for a single experiment).

4.2. Identification of works already done in the field or similar fields

Thousands of articles were listed in a table with authors, title, year,
and research group. This database became the base of subsequent anal-
ysis. This work neglected articles in field proposing theoretical models
or showing experiments on adjacent non-nuclear aspects, like metal-
lurgy, deuterium solubility, conductivity.

4.3. Skimming of experimental works to identify the types of experiments
appearing over time

The experiments became more diversified over time, starting with
Palladium-Deuterium and Titanium-Deuterium systems and adding
Nickel-Hydrogen, Tungsten-Hydrogen, Palladium-Hydrogen systems.
Works involving other types of experiments also appeared, like cavita-
tion induced fusion, piezo fusion, exploding wires, and biological
transmutations. For a given system, many subtypes of experiments
appeared over time, starting with electrolysis and gas loading, and
adding glow discharge, plasma electrolysis, and high-pressure gas
loading. Furthermore, for a given subtype of experiment, there are
many types of triggering methods to improve repeatability, like laser
application, magnetic field, electric field, X-ray radiation, gamma radi-
ation, neutron radiation, pressure variations, temperature variations,
electric current variations, co-deposition, and nanoparticles.

4.4. Identification of research groups related to each work

Many of the thousand works were produced by a few hundreds of
research groups, which faithfully kept a steady scientific production in
the field. Given the assumption of confirmation bias, it is fundamental
to know how many independent groups reported success or failure in
finding nuclear reactions evidence for each type of experiment. Every
researcher that never presented a “cold fusion” work before is added to
an existing group if any co-author presented a work in the field before.
If none of the authors presented anything before, a new group is
added. If there are co-authors of more than one pre-existing group,
the work is assumed to belong to the group of the first author (each
work belongs to only one group).

4.5. Selection of main experiment types

There is a large diversity of experiments, a detailed analysis of each
subtype and, for each subtype, the analysis of each triggering method,
would be too lengthy for an article. The authors judged that for a
reader outside the field, who for now are the vast majority, an analysis
per type would have great value. Even for people in the field such anal-
ysis may be relevant to direct research strategy. First, it is possible to
classify experiments by the combinations of materials, like Palladium-
Deuterium or Titanium-Deuterium. For each combination of materials,
there are many possible subtypes, like electrolysis, glow discharge or
gas loading, but this work neglected the subtype to avoid too much
complexity for a reader that does not know this field. There are also
some types of experiments that are not related to a specific material,

like cavitation, piezo fusion and use of biological organisms to induce
nuclear reactions. Such procedures seem not to depend on a specific
set of materials, so this work adopted those methods as subfields to
check the trend. Therefore, this work presents only analysis for the fol-
lowing types of experiments: Palladium-Deuterium, Titanium-Deu-
terium, Nickel-Hydrogen, Tungsten-Hydrogen, cavitation, piezo
fusion and biological.

4.6. Presentation of evolution of experimental groups working in the field
over time for each type of experiment

For each type of experiment, for each year, this work counted the
distinct research teams publishing positive results (finding at least par-
tial evidence of nuclear reactions not predicted by current accepted
models) and the teams reporting negative results (no evidence of
nuclear anomalies). For this count, this work considered the opinion
of authors of each article and not the data presented. For instance,
Fralick et al. [6] stated there are no nuclear reactions because they
measured no neutrons, although data shows anomalous excess heat.
This work considered this 1989 article as a negative result, even
though data indicates a positive result confirming other research
groups’ findings of neutron radiation near background levels. Objec-
tive truth is this same research group presented a more recent work
[11] showing nuclear transmutations in the equipment used in 1989
experiments, meaning from the point of view of objective truth, both
experiments seem to be positive. However, this work, as per assump-
tion “5”, reports the subjective opinions expressed in the article con-
clusion, not an analysis of raw data from every research group.

The count considered only one work for each team per year for
each experiment type and result (successful or unsuccessful) because
it seems the teams tend to publish the same experiment more than
one time, for instance, in two conferences and one journal. If a given
team produced two distinct experiments in the same year, the second
experiment with the same type of result (successful or unsuccessful)
was neglected. Conversely, if a team made an experiment and pub-
lished data in three different years, this work counted one for each
year.

5. Results

This section presents the results for each step. For the total articles
found, this work listed a total of 5249 publications, including confer-
ence articles, conference presentations, journal articles, and patents.
Amongst those, 2202 are experimental works reporting results of
experiments, being 1921 successful and 281 unsuccessful.

In total, there are 375 distinct research groups involving 3460
researchers. There is, indeed, cooperation between research groups,
but they are rather rare, most work is done by isolated groups.

5.1. Systems of combinations of nuclides (Metal plus Hydrogen isotope)

5.1.1. Palladium-Deuterium system

The most popular type of experiment is the Palladium-Deuterium
system, whose evolution is presented in Fig. 2, where one can note a
gradual reduction of research groups over the years (as the trend line
shows). One can note that only in 1989, were the unsuccessful groups
majority, and unsuccessful attempts became increasingly rare. Expla-
nations for this fact may be:
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Fig. 2. Results for Palladium-Deuterium systems.

a. Researchers that insisted in this subfield learned how to
improve repeatability and taught other research groups.

b. A group of researchers was “tricked into false results by subjec-
tive effects, wishful thinking or threshold interactions” and kept
publishing works.

This subfield involves a large set of types of experiments including,
but not limited to, glow discharge, electrolysis, gas loading and ion
beam. An important contribution for this system is the work of Irina
Savvatimova group [12], which employed glow discharge in deu-
terium low-pressure atmosphere using Palladium cathodes. They
found excess heat, transmutation of Palladium and Deuterium into
an array of nuclides, both smaller and larger than Palladium, X-rays
and a strange radiation that makes surprising tracks on X-ray films.

Even though the number of works is decreasing, the results are
becoming more repeatable and significant, with large quantities of
excess heat, showing an apparent progress in mastering this Palla-
dium-Deuterium system [13].

5.1.2. Titanium-Deuterium system

Another popular system was Titanium-Deuterium, which got less
and less attention over time (Fig. 3), although neutron generators
based on Deuterium-Deuterium fusion in Titanium lattice have been
at market for some years already [14]. It is interesting to note that
for this system, more recent works out of the “cold fusion” field indeed
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Fig. 3. Results for Titanium-Deuterium systems.
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found an enhancement of fusion reactions in metal lattices [15].
Therefore, there is an apparent paradox: despite confirmations and
practical applications, Titanium-Deuterium systems are losing appeal
in the “cold fusion” community. Important contributions were the
works of the Steven Jones group [4] and Urutskoev group [16].

5.1.3. Nickel-Hydrogen system

An apparent emerging type of experiment is the Nickel-Hydrogen
system, which started in 1990 and is increasing over time, as shown
in Fig. 4. Authors claim that repeatability is good, energy produced
is also larger than in other systems, some patents in Europe exist for
this kind of system. This subfield seems to be currently the most pop-
ular and presents strongest growth in numbers of research group’s par-
ticipation, including currently 70 research groups. About 52 research
groups reported only successes, 10 reported mixed successes and fail-
ures and 8 reported only failures in obtaining anomalous nuclear reac-
tions. Perhaps the lower cost of materials, large heat generation and
easier replication in this type is causing research groups to abandon
research on Palladium-Deuterium and Titanium-Deuterium systems.

5.1.4. Tungsten-Hydrogen system

Another less explored, but growing, subfield is the Tungsten-
Hydrogen system, which is also more recent, as shown in Fig. 5. This
work found 13 distinct teams presenting results in this subfield and
only 3 failed attempts to obtain nuclear reactions. It is important to
note that the same research that reported a failure in 2005 later pre-
sented three successful experiments in 2006, 2007 and 2009. There-
fore, although there are reports of failed attempts in literature, this

work found only one research group reporting only failures in this
subfield.

5.1.5. Carbon and Hydrogen/Deuterium systems

The authors also found eight research teams reporting results for
Carbon and Hydrogen/Deuterium isotopes, although this field seems
to be stable or vanishing over time, without a definite trend. Fig. 7 pre-
sents experiments of gas loading, ion beams and electrolysis for Car-
bon-rich materials (charcoal, graphite, phenanthrene, grease).

5.2. Other techniques (Cavitation, Piezo-fusion, Biological)

5.2.1. Cavitation method

Cavitation-induced nuclear reactions have a stable number of arti-
cles over time, as shown in Fig. 7, involving eleven distinct research
teams. This subfield involves many distinct types of experiments using
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Fig. 4. Results for Nickel-Hydrogen systems.
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cavitation to induce or increase the rate of nuclear reactions. They

include
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under Deuterium beam bombardment.
b. Palladium sheets under heavy water cavitation.

c. Cavitation in wa

ter jets.

It is interesting to note that authors found few works reporting a
failure to reproduce results, which may be because the replication is

easy, so most tentative were crowned with success.
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The authors found eight distinct teams reporting results of elements
transmutation caused by biological processes. This subfield, besides

5.2.2. Biological method
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explaining some isotopic anomalies in living beings, also proposes
the use of bacteria for treating radioactive waste. This subfield has a
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patent in Russia and, although small, has increasing tendency, as
Fig. 8 shows. An important contribution about this technique is the

work of Vysotsky [17].

Fig. 5. Results for Tungsten-Hydrogen systems.

5.2.3. Piezo-fusion method

Finally, there are the piezo fusion experiments, which is the use of

mechanical stress in solids to induce nuclear reactions. The authors
found six distinct research teams, although works in this subfield are

less numerous, but with tendency of increase, as Fig. 9 shows.
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6. D

This review of works done in the last thirty years may have over-
looked an important piece, also papers in other languages than English

may have been overlooked. However, an incomplete but wide over-

look at the field may still be valuable. The authors believe it is unlikely

that any number of missed works would change the general shape of

evolution in time of subfields.

Readers may find important to know how many groups reported
works for the complete cold fusion field, not only for the subfields
described above. For instance, Bazhutov’s group made a large set of
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experiments that do not fit in any of the system or techniques, but have
significant value, like Bazhutov et al. [18]. Fig. 10 indicates that the
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number of groups presenting works in the field seems to be slowly fad-
ing after a peak in the nineties. However, in the last 20 years, the num-
ber of active groups seems to be quite stable and, considering the loss

Fig. 6. Results for Carbon-Hydrogen/Deuterium systems.

of interest in some subfields and emergence of other subfields, it seems

that the field is not fading away.
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Fig. 8. Results for biological experiments.

Fig. 7. Results for cavitation experiments.
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Fig. 10. Total research groups presenting results for cold fusion field per year.

A potential flaw of this method is the under-reporting of unsuccess-
ful experiments, where researchers seek to find something that works
and perhaps most report nothing when an experiment does not pro-
duce the expected result. However, in modern research organizations,
researchers need to justify their time and spent resources, resulting in
the publication of results, regardless of the success or failure of the
intended goals. Therefore, perhaps under-reporting of failures is more
applicable to individual researchers or private companies than to
research organizations, meaning that this issue is related to a part of
the effort and should not invalidate this study. The number of failures
is not used in the conclusions because the Langmuir criteria is about
the ratio of supporters falling to oblivion, so what matters for the cri-
teria is whether the number of supporters is falling into oblivion or
not, assuming that:

A. failures are from non-supporters; and
B. successes come from supporters.

Relying on the investigators’ opinion of success or failure avoids
the difficulty of reaching conclusions about results independently in
this paper. The downside is this method presents the data from exper-
iments interpreted as negative results, which are, in fact, positive just
because of a negative opinion of skeptical researchers who wrote the
article. Conversely, the opposite is also true, as negative results are
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presented as positive because the authors are believers in the
phenomenon.

Another potentially interesting aspect is the diversity of experi-
ments evolved over time (Fig. 11), and again, there was a peak in
the mid-nineties and after that, the community seems more focused
in a smaller set of experiments.

This work does not provide a deep meta-analysis like those made
by Cravens and Letts [19] or Johnson and Melich [20], but a more gen-
eral view of the field for people not familiar with “cold fusion”. In the
criteria for success, authors included not only excess heat, as many
authors did, but also any evidence of nuclear reactions, like charged
particles, elemental transmutations, isotopic changes from natural dis-
tributions, gamma radiation, neutron radiation, radiofrequencies, hot
spots, and micro-explosions. For instance, in BARC studies, researchers
chose not to look for excess heat but for nuclear transmutations, neu-
trons and radiation because that would be much easier to detect.
Therefore, anytime a work reports something different from the
expected (pure electrochemical or chemical reactions), this works con-
siders it a success. For articles that state that nothing unusual or
explain apparent nuclear reactions (somehow declare that unexpected
effects are artifacts), this work counted a failure.

Ironically, many authors reported lighter elements in Palladium
after excess heat events, making it implicit that Pd-D systems undergo
fission processes, as surveys show [21,22]. Nobody has yet presented a
universally accepted model explaining such fission reactions, but the
production of lighter elements may be an answer to critics like Hui-
zenga [8]. Current models predict that the fission of Pd requires proton
energies of 30 MeV, so the processes in bulk metal are unknown yet
ion beam experiments have already verified that Deuterium-Deu-
terium fusion cross-section in metals are larger [15]. A consequence
is that Pd-D systems, except for military applications, are probably
not going to be economically interesting because Palladium costs per
kilogram is too high.

Some researchers, in the cold fusion field, however, view the cost of
materials as very low in comparison to the value of the produced
energy. Furthermore, it is quite possible that cold fusion is like a cat-
alytic effect, in which the material is not consumed, except for hydro-
gen, which is abundant. If both assumptions are correct (large energy
for materials cost and only Hydrogen is consumed), the importance of
cost of materials are greatly reduced.

Another aspect is that some teams that abandoned cold fusion
research in past are now returning to the field, like the team of NASA.
NASA states their research is about Lattice Assisted Nuclear Reactions,
as their experiments use deuterated metals under 2-3 MeV photon
irradiation to trigger fusion events [23,24,25]. NASA also has partners
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Fig. 11. Total research groups presenting results for cold fusion field per year.
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working on an architecture of space propulsion [26] using co-deposi-
tion of Palladium and Deuterium, which is patented (US Patent
8419919).

In the cold fusion field, the causative agent is not agreed by all
research teams, including, but not limited to background radiation
[27], electric stimulation [28], laser stimulation [29], magnetic fields
or electrostatic fields [30], temperature [31], pressure variations [11].
Those agents are quite measurable and results correlate (but not per-
fectly) with results.

In the beginning, many authors did not use any triggering method
and reported extremely low effects requiring long time measurements
[32], however it was not a general rule, like experiments of BARC
[33]. The opinion of Shani et al. [27] is background radiation acted
as a triggering agent, so experiments like those of Anderson and Jones
[32], protected from background noise would have low results, if any.
Experiments that are more recent employ one or more of the above-
mentioned triggering methods and obtain large effects.

This work ignored theories and concentrated in experiments but
claims and great accuracy and fantastic theories are present in the pub-
lications, although many researchers limit to publish experimental
results without giving explanations, like NASA [11]. A plausible theory
could be that proposed by Parkhomov [34].

This work also did not analyze systematically the way research
groups answer to criticisms but found some works presenting explana-
tions for some failed replications, like Anderson and Jones [32] and
Cravens and Letts [19].

About the ratio of supporters, one can observe from Figs. 2-9 that
the number of supporters is not necessarily falling, but new teams are
entering in the field, depending on the subfield.

As a concluding remark about the pathological science characteris-
tics, one may find that cold fusion field does not fit very well in all of
them. Particularly for the evolution of supporters over critics, except
for the Palladium-Deuterium and Titanium-Deuterium systems sub-
fields, the number of supporters is increasing or stable.

In the beginning, most works concentrated on electrolysis or gas
loading experiments on Palladium or Titanium. Over time, new kind
of experiments appeared, like glow discharge experiments, plasma
electrolysis, molten salt electrolysis, ion beam bombardment, use of
bacteria for reduction of radioactivity, fusion by mechanical waves,
and use of cavitation. In addition, the kind of measurements also
started to diversify, going far beyond the neutrons, radiation, Tritium,
Helium, and heat measurements. For instance, verification of isotopic
shift or appearance of new elements became popular as well as detec-
tion of charged particles by plastic detectors (CR-39).

This field brought a surprise, however, in the discovery of Ni-H sys-
tems, which according to Levi et al. [35], changes metals isotopic dis-
tribution and consumes Hydrogen. At high temperatures (more than
1000 °C), experiments indicate stable operation, and many research
groups of distinct countries have already confirmed this observation.
Such temperatures allow highly efficient thermodynamic cycles, for
instance in a Brayton cycle. Hydrogen is the most abundant nucleus
in universe and Nickel is not very abundant but is not exceedingly rare
and could be reused after burning. Therefore, Ni-H systems can be
called “cold fusion”, yet they may involve nuclear reactions at MeV
range, meaning it happens in metal lattice, but may not be “cold”.
Experiments also report that such reactions do not emit MeV gamma
radiation (many works report radiation in range of hundreds of
keV), so there is no need for large shielding, allowing small machines
to become nuclear powered. Analysis of ashes has not found radioac-
tive isotopes, so treatment of radioactive waste is not needed.

Evidently, all those experiments work with unknown physics and
there is no evidence that scientists may find some physical law that
prevents us of finding a way to explore Ni-H systems. However, Andrea
Rossi and Francesco Piantelli have already patented heat generators
based on Ni-H (sometimes adding Lithium and Aluminum). Andrea
Rossi claims he will start selling either services or machines soon in
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his website (https://www.ecat.org/). The experiments and demonstra-
tions by Andrea Rossi, particularly the interactions and lawsuit with
Industrial Heat, have become controversial within the cold fusion
field. The authors find it is important to present public facts from an
historical point of view, even though scientific value of certain claims
may be questionable.

Therefore, Ni-H systems burn Hydrogen in a machine at tempera-
tures near metal melting point without generating MeV radiation or
radioactive byproducts. In fact, this could be yet better than the initial
“golden dream” of Pd-D as Palladium is more expensive than Nickel
and so does Deuterium compared to Hydrogen.

Another evidence that the field of cold fusion is not fading away is
that lately, there has been appearance of new funding for cold fusion,
like:

e NEDO project (2015-2017), funded by Japanese government.

e Google initiative starting in 2015.

e Nano-Metal Hydrogen Energy (MHE) in 2018-2020, funded by
Japanese government.

e Hermes project (https://hermesproject.eu/) starting in 2020,
funded by the European Union.

e Clean Energy from Hydrogen-Metal Systems (CleanHME) starting
in 2020, funded by the European Union’s Horizon 2020 research
and innovation program.

Without experiments it is impossible to know for sure whether
cold fusion claims are true or not, but as Berlinguette et al. [36]
pointed out, science is not a zero-sum game. In this field, much
science still to be done may bring unexpected results, even if a
newcomer to the field cannot replicate some type of experiment.
For instance, Berlinguette et al. [36] reported failure in some
experiment’s replication but the same team (funded by Google)
found that neutron yields in deuterated Palladium for ions with
less than 2 keV are two orders of magnitude larger than current
models predict [37]. Such discoveries suggests that fusion in
deuterated metals may be easier than current models predict.
Assuming the growing trends in cold fusion field bring technolo-
gies to the market, given the long technology development cycles,
it seems certain that late adopters would have difficulties to sur-
vive facing competition with early adopters. Energy is the founda-
tion of all economy, and cheaper energy means cheaper products,
improving competitive advantage of early adopting countries.
Assuming current export restrictions will also apply to those tech-
nologies, countries procrastinating in starting the development of
such technologies will experience a period of economic decline.
This period may last 10-20 years, as development and mass pro-
duction take long times, but nevertheless being enough to bring
geopolitical transformations.

Last, but not least, one may question why businesspersons are
not in such a disruptive field if it may bring them such huge profits.
They would not care whether scientists agreed or not, but only if it
works or not, therefore the absence of private investment in the
field could be a proof that all the positive cold fusion results are just
delusional pathologic science. The authors point that Industrial Heat
LLC is an enterprise working with cold fusion and it has two patents
and seven applications in the field [38]. This enterprise reached
almost one billion dollars valuation in 2019 [39] and most of its
applications are in the last two years. It is intriguing because, in
recent years, US Patent Office typically refused cold fusion or
“LENR” on grounds it does not work. Yet more intriguing are the
applications of two LENR patents by Airbus (US20170025191,
US20170022055) in 2017 and the report by a Boeing laboratory
considering Ni-H LENR reactors for a new generation of aircraft
[40]. Upon seeing such facts, one may surmise that corporate people
do make mistakes, on the other hand it is a fact that some busi-
nesspersons are not staying out of the field in recent years.
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Fig. 12. Graphical abstract.

7. Conclusions

Despite the appearance of products using knowledge obtained in
cold fusion research of Palladium-Deuterium and Titanium-Deuterium
systems, they are vanishing trends in cold fusion field. Other types of
experiments have a growing trend, particularly the Nickel-Hydrogen
systems, which suggests the field is not pathological science. Appar-
ently, the initial explanations for the excess heat phenomenon (chem-
ical inducement of nuclear reactions without neutrons) were flawed,
but many research groups replicated cold fusion experimental results.
Fig. 12 presents the graphical abstract of this work.

The authors did not find a universally accepted model for the phe-
nomena. However, if experimental results are real, current nuclear the-
ory will require revision. Further, even without a theory, people may
use the observed phenomena to make disruptive technologies by
trial-and-error methods.

This work suggests to the reader two questions: first, whether the
golden dream of the fusion is approaching our time; second, whether
this is a dream or a nightmare. In case cold fusion becomes a reality,
perhaps the answer to the second depends on the time that technology
development starts.
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